Pre-steady-state chemical quenched-¯ow techniques were used to study DNA unwinding catalyzed by Escherichia coli UvrD helicase (helicase II), a member of the SF1 helicase superfamily. Single turnover experiments, with respect to unwinding of a DNA oligonucleotide, were used to examine the DNA substrate and UvrD concentration requirements for rapid DNA unwinding by pre-bound UvrD helicase. In excess UvrD at low DNA concentrations (1 nM), the bulk of the DNA is unwound rapidly by pre-bound UvrD complexes upon addition of ATP, but with time-courses that display a distinct lag phase for formation of fully unwound DNA, indicating that unwinding occurs in discrete steps, with a``step size'' of four to ®ve base-pairs as previously reported. Optimum unwinding by pre-bound UvrD-DNA complexes requires a 3 H single-stranded (ss) DNA tail of 36-40 nt, whereas productive complexes do not form readily on DNA with 3 H -tail lengths 416 nt. A 5 H -ssDNA tail is neither suf®cient nor does it stimulate unwinding, even in the presence of a 3 H -ssDNA tail. Nitrocellulose ®lter binding studies show that UvrD binding af®nity also increases with increasing 3 H -ssDNA tail length, showing apparent positive cooperativity for binding to DNA with a 40 nt 3 H -ssDNA tail. Single turnover DNA unwinding experiments performed at higher DNA concentrations (50 nM) show a sigmoidal dependence of the extent of unwinding on the pre-incubated [UvrD], also indicating cooperativity. These results indicate that the form of the UvrD helicase with optimal helicase activity is oligomeric with at least two sites for binding the DNA substrate, where one site contacts regions of the 3 H -ssDNA tail that are distal from the single-stranded/double-stranded DNA junction.
Introduction
DNA helicases function during DNA replication, recombination and repair to unwind and separate the complementary strands of duplex DNA in reactions that are coupled to the binding and hydrolysis of nucleoside triphosphates (Matson & KaiserRogers, 1990; . As such, these enzymes are motor proteins with functional similarities to microtubule-based motor proteins such as kinesin (Moore & Lohman, 1995; Lohman et al., 1998) . Most DNA helicases that have been examined in detail undergo self-assembly to form oligomeric structures and it appears that most DNA helicases are functional in DNA unwinding as oligomeric structures Lohman, 1992 Lohman, , 1993 . Based on this, it has been proposed that the oligomeric nature of these helicases provides them with multiple potential DNA and nucleoside triphosphate (NTP) binding sites, which are likely to play essential roles in at least translocation of the helicase along its DNA ®lament and possibly in duplex DNA unwinding as well Lohman, 1992 Lohman, , 1993 Geiselmann et al., 1993; Hingorani et al., 1997) .
The Escherichia coli UvrD helicase, also known as helicase II, plays essential roles in both methyldirected mismatch repair and nucleotide excision repair of DNA (Modrich & Lahue, 1996; Sancar, 1994) and defects in these processes are linked to an increased susceptibility to cancer in humans (Modrich, 1994) . The UvrD protein (720 amino acid residues, M r 81,989 Da; Finch & Emmerson, 1984; Yamamoto et al.,1986 ) is a member of the SF1 superfamily of DNA helicases (Gorbalenya & Koonin, 1993) and displays a 3 H to 5 H polarity in DNA unwinding (Matson, 1986) , re¯ecting the fact that a 3 H single-stranded (ss) DNA tail¯anking the duplex facilitates initiation of unwinding in vitro; however, it can also initiate unwinding at a nick (Runyon & Lohman, 1989; Runyon et al., 1990; Dao & Modrich, 1998) which is likely important for its function in both mismatch and nucleotide excision repair (Lahue et al.,1989) .
E. coli UvrD protein shares $40 % sequence similarity with the E. coli Rep protein, also an SF1 DNA helicase with 3 H to 5 H unwinding polarity, and can form heterodimeric complexes with Rep . There is considerable biochemical information on the mechanism of DNA binding Bjornson et al.,1996a Bjornson et al., ,b, 1998 , ATP binding and hydrolysis Moore & Lohman, 1994a,b; Hsieh et al., 1999) and DNA unwinding Bjornson et al.,1994) by the Rep helicase, all of which indicate the functional importance of Rep homo-dimers (for reviews, see Lohman et al., 1998) . Biochemical studies suggest that the dimeric Rep helicase unwinds duplex DNA by a subunit switching mechanism in which both subunits alternate binding directly to the duplex (ds) DNA (or the ss-dsDNA junction), and to the 3 H -ssDNA tail Bjornson et al., 1996b) . Furthermore a key intermediate is proposed to be a complex in which both the 3 H -ssDNA tail and the duplex DNA at the ss-dsDNA junction are bound simultaneously to a Rep dimer, one to each subunit. However, a similar subunit switching mechanism, such as a dimeric inch-worm model in which the same Rep subunit is used to bind the dsDNA while the other subunit binds the 3 HssDNA tail, is also consistent with these results. E. coli UvrD also forms oligomers in the presence and absence of DNA, and oligomerization stimulates its ATPase activity (Runyon et al.,1993; . Based on the evidence that the Rep dimer is functionally important for its DNA binding, ATPase and helicase activities, Runyon et al. (1993) suggested that UvrD oligomerization is also likely to be important for its helicase activity. However, recent suggestions have been made that the functional form of some SF1 helicases, including UvrD, is monomeric rather than oligomeric (Mechanic et al., 1999; Velankar et al., 1999) .
We have previously used rapid chemical quenched-¯ow techniques to examine the presteady state kinetics of UvrD-catalyzed unwinding of short DNA duplexes (10-40 bp) under conditions that monitor a single turnover of the DNA substrate (Ali & Lohman, 1997) . The kinetic timecourses for production of fully unwound ssDNA in these experiments displays a distinct lag phase, indicating that unwinding requires multiple sequential steps forming partially unwound intermediates along the pathway to the formation of ssDNA. Quantitative analysis of these kinetics enabled us to estimate the number of steps, n, required to unwind a duplex of length, L, and to estimate that UvrD unwinds DNA with an averagè`s tep size'', i.e. the number of base-pairs unwound in a single catalytic cycle), of 4-5 bp or approximately one-half turn of a B-form duplex (Ali & Lohman, 1997) . Here, we present a further characterization of the single turnover DNA unwinding reaction catalyzed by UvrD, examining the DNA substrate speci®city, as well as the effects of UvrD concentration and the length of the 3 H -ssDNA (``tail'')¯anking the duplex DNA. Such pre-steadystate experiments are needed to obtain information, that cannot be obtained from steady-state experiments, about important intermediate steps occurring during DNA unwinding that will allow a determination of the details of the unwinding mechanism. The results of these experiments indicate that an oligomeric form of UvrD is required for optimal helicase activity.
Results

DNA substrate specificity for UvrD-catalyzed DNA unwinding
Kinetic studies of UvrD-catalyzed DNA unwinding were performed with a series of short (18 or 24 bp) DNA substrates shown schematically in Table 1 using a rapid chemical quenched-¯ow apparatus as described (Ali & Lohman, 1997 ) (see Materials and Methods) . The assay used to monitor DNA unwinding is an``all-or-none'' assay, since only fully duplex DNA and completely ssDNA are detected, and thus DNA unwinding is plotted as the``fraction of DNA duplexes unwound'' as a function of time. However, when performed as single turnover experiments, the time-course of DNA unwinding can be analyzed to obtain information on intermediate states that accumulate during unwinding (Ali & Lohman, 1997) .
In our initial experiments, excess UvrD was preincubated with a DNA substrate (buffer U, 25.0 C) and the reaction was initiated by the addition of ATP to a ®nal concentration of 1.5 mM. UvrD displays a so-called 3 H to 5 H polarity of unwinding, based on the observation that it preferentially unwinds a duplex DNA possessing a¯anking 3 HssDNA tail (Matson, 1986; Runyon & Lohman, 1989) . We therefore examined UvrD-catalyzed DNA unwinding of a series of 18 bp duplex DNA molecules possessing either a 3 H -(dT) 40¯a nking region (substrate II) and/or a 5 H -(dT) 40¯a nking region (substrate III) or both (substrate IV). A 40 nt ssDNA tail was used in these studies, since a 40 nt 3 H -ss(dT) tail provides the optimum DNA substrate for UvrD (see below). These initial experiments were performed at ®nal concentrations (after mixing) of 1 nM DNA and 5 nM UvrD. In these experiments, no ssDNA trap was added with the ATP, hence re-initiation of unwinding by UvrD that had dissociated from the DNA during unwinding was not prevented.
The results of these experiments are shown in Figure 1 and indicate that over a 100 second timecourse, the DNA substrates possessing a 3 H -(dT 40 ) ssDNA tail (substrates II and IV) were unwound to a much greater extent than the blunt-ended DNA substrate (I) or the DNA substrate possessing only a 5 H -ss(dT 40 ) tail. Furthermore, the DNA substrate possessing only a 3 H -ssDNA tail was unwound more ef®ciently than a duplex possessing both a 3 H and a 5 H -(dT 40 ) ssDNA tail (non-complementary). Therefore, the presence of the 5 H -ssDNA tail did not stimulate unwinding and was slightly inhibitory. In fact, the blunt-ended DNA substrate (I) was unwound to a greater extent than a substrate with only a 5 H -(dT) 40 tail (substrate III). At these low UvrD concentrations (5 nM) this may be due to a sequestering of the UvrD protein by the 5 HssDNA tail. These results are consistent with the previous conclusions obtained from experiments performed under conditions of excess DNA substrate (Matson, 1986; Runyon & Lohman, 1989) and show that UvrD preferentially unwinds duplex DNA possessing a 3 H single-stranded tail. These results are similar to those obtained previously with the E. coli Rep helicase .
UvrD-catalyzed unwinding of fully duplex DNA
Previous studies have shown that UvrD can unwind blunt-ended DNA molecules at relatively high protein concentrations (Runyon & Lohman, 1989; Runyon et al., 1990) and that initiation of unwinding occurs at the blunt end (Runyon et al., 1990) . We therefore examined unwinding of a 24 bp blunt ended DNA duplex at several [UvrD] in order to see if initiation of unwinding at the blunt-end would contribute signi®cantly. Figure 2 shows the kinetics of unwinding a 24 bp blunt-ended substrate (substrate XV) (1 nM) catalyzed by 5, 10, 50 and 100 nM UvrD (total monomer concentration). Each time-course is well described by a single exponential function. Although substantial extents of unwinding are obtained over 100 seconds at [UvrD] 5 50 nM UvrD, and some unwinding is also observed at both 5 and 10 nM UvrD, the kinetics of UvrD-catalyzed blunt-ended unwinding is much slower than for DNA substrates containing 3 H -ssDNA¯anking regions (see below and Figure 1) . Furthermore, all unwinding of the blunt-ended DNA can be eliminated if an excess of a single-stranded oligodeoxynucleotide (dT(pT) 15 ; 5 mM ®nal concentration) is added with the ATP used to initiate the reaction. These results indicate that UvrD does not form a tight complex with blunt-ended DNA in the preincubation conditions, and that addition of excess A distinct lag phase is observed in the single turnover kinetic time-course for DNA unwinding catalyzed by UvrD
The time-courses in Figure 1 were obtained from rapid quenched-¯ow experiments in which the ®rst time point was taken 200 ms after the addition of ATP. However, as shown previously (Ali & Lohman, 1997) , experiments in which time-points are taken within the ®rst 100 ms reveal a distinct lag phase in the production of fully unwound ssDNA products. Figure 3 shows the ®rst two seconds of a kinetic time-course obtained by preincubating UvrD (5 nM ®nal monomer concentration) with a 3 H -(dT) 40 18 bp duplex (substrate II; 1 nM ®nal concentration) and initiating unwinding by addition of ATP (to 1.5 mM). Over the ®rst two seconds, the time-course of DNA unwinding is biphasic; a rapid lag phase is completed within the ®rst second, followed by a signi®cantly slower second phase. Such a lag phase in a single turnover experiment indicates the presence of at least one intermediate along the pathway to forming fully unwound DNA and that there are at least two partially rate-limiting steps, with similar rate constants (i.e. within a factor of 10), along the pathway to the formation of ssDNA (Gutfreund, 1995; Ali & Lohman, 1997) .
For comparison, Figure 3 also shows the results of an experiment in which the UvrD protein and the DNA substrate were not pre-mixed, rather the DNA sample (1 nM) (containing ATP) was mixed directly with the UvrD (5 nM ®nal concentration) at time t 0. When performed in this manner, the unwinding time-course was signi®cantly slower. In fact, less than 5 % unwinding occurred within the ®rst 0.5 second, compared to $40 % when the UvrD and DNA were pre-incubated. These results indicate that a binding step becomes rate-limiting (at least partially) at these low protein and DNA concentrations unless the protein and DNA are pre-incubated. Therefore, observation of a lag phase requires pre-incubation of the UvrD with a 3 H -ssDNA substrate before the addition of ATP in order to pre-form a complex that is competent to rapidly initiate DNA unwinding. As a result, the remaining experiments reported here were performed by pre-incubating UvrD with DNA and initiating the reaction with ATP.
Our previous studies (Ali & Lohman, 1997) have shown that the lag in the time-course for formation of fully unwound DNA increases with increasing DNA duplex length, indicating that the lag results from the transient formation of partially unwound DNA intermediates that accumulate during the unwinding reaction. Analysis of data for duplex lengths of 10, 18, 24 and 40 bp allowed us to estimate the number of intermediate steps required for UvrD to unwind a duplex of length L. These data indicated that a rate-limiting step was repeated H single-stranded DNA``tail''¯anking the duplex. UvrD (5 nM monomer ®nal concentration) was pre-incubated with each DNA substrate (1 nM ®nal concentration), radio-labeled with 32 P on the 3 H end of the top strand (buffer U, 25.0 C) and unwinding was initiated by the addition of ATP (1.5 mM ®nal concentration). Each DNA substrate (see Table 1 during the unwinding of the duplex, and determination of the number of steps required to ®t each time-course allowed an estimate of the step size, i.e. the number of base-pairs unwound between two rate-limiting steps. Such an analysis (Ali & Lohman, 1997) indicated that UvrD helicase unwinds duplex DNA with a step size of four to ®ve base-pairs ($one half-turn of the duplex).
As noted previously (Ali & Lohman, 1997) and discussed further below, the time-course of unwinding in Figure 3 for the case in which excess UvrD is pre-incubated with the DNA substrate also contains a second slower phase, even when an excess of ssDNA is added to trap any free UvrD (see below). This slower phase re¯ects the fact that some fraction of the UvrD-DNA complexes are bound in a``non-productive mode'', and these complexes must undergo a slow isomerization with apparent rate constant k NP , to form productive complexes before rapid DNA unwinding can occur. As a result, we analyze the full timecourses using equation (1), which is derived from Scheme 1, and which includes a term describing the contribution to unwinding from this subset of non-productive complexes, assuming that k NP 5k obs . However, we emphasize that this isomerization is not needed for unwinding by the majority of the UvrD complexes that are prebound in a productive mode. Shown in Figure 3 is the non-linear least-squares ®t of the kinetic data to equation (1) constraining n 4 steps (three intermediates), which provides the best ®t to the lag kinetics for UvrD unwinding of the 18 bp duplex of substrate II (Ali & Lohman, 1997 Effect of a trap for free protein on the single turnover kinetics of UvrD-catalyzed unwinding
To probe the origins of the multiple kinetic phases observed in the time-course in Figure 3 , we performed a series of DNA unwinding experiments in which UvrD was pre-incubated with the 3 H -(dT 40 ) DNA (substrate II) and the reaction was initiated by the addition of ATP (to 1.5 mM), but in which the ATP sample also contained an excess of ssDNA, dT(pT) 15 , which served as a trap for any free UvrD. The dT(pT) 15 trap concentration was varied from 0.5 to 25 mM. As shown in Figure 2 , inclusion of 5 mM dT(pT) 15 with the ATP prevents initiation of unwinding at blunt ends even at 150 nM UvrD, the highest [UvrD] used. The dT(pT) 15 , therefore, should also prevent initiation of unwinding by any free UvrD or re-initiation of unwinding by any UvrD that dissociates from the DNA during the course of the unwinding reaction. (d) shows that the rate constant, k obs , and amplitude of the lag phase, A 1 , are independent of the ssDNA trap concentration, with k obs 17.4(AE1.9) s À1 , and A 1 0.32(AE0.06). This supports our conclusion that this ®rst phase of the unwinding reaction re¯ects single turnover unwinding of the DNA by UvrD pre-bound in productive complexes. In contrast, the amplitude of the second phase, A 2 , decreases with increasing [dT(pT) 15 ]. Therefore, inclusion of an excess of dT(pT) 15 (55 mM) eliminates unwinding due to reinitiation by free UvrD protein or UvrD that dissociates from the DNA during unwinding. A control experiment in which UvrD (10 nM) was rapidly mixed with 2 nM DNA substrate (substrate II) containing ATP (3.0 mM) and 10 mM dT(pT) 15 in buffer U showed no unwinding, indicating that 5 mM dT(pT) 15 is suf®cient to prevent initiation of unwinding by UvrD.
However, even the highest concentration of dT(pT) 15 trap used (25 mM) did not completely eliminate the second slower phase (Figure 4(d) ). Therefore, the slow phase must have at least two H -ssDNA¯anking region results in a rapid unwinding time-course with a clearly de®ned lag phase. UvrD (5 nM) was pre-incubated with 3 H (dT) 40 -18ds (1 nM) and the unwinding reaction initiated by the addition of 1.5 mM ATP (*) (buffer U at 25 C). The unwinding time-course can be seen to consist of two phases, the initial fast phase has a distinct lag, this is followed by a slower exponential phase. The data were ®tted to equation (1) setting n 4 (continuous line), yielding an amplitude and rate term of 0.29(AE0.04) and 17(AE2) s
À1
, respectively, for the lag phase. The reaction of the initial fast phase is essentially over in the ®rst 0.5 second. The unwinding reaction of 5 nM UvrD not pre-incubated with the DNA is also shown for comparison (*), this was ®tted to a single exponential yielding an amplitude and rate term of 0.95(AE0.02) and 0.097(AE0.006) s À1 , respectively.
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components, only one of which can be eliminated by the addition of an excess of dT(pT) 15 added with the ATP. The remaining component of the second slower phase which persists even in the presence of 25 mM dT(pT) 15 must re¯ect unwinding by UvrD that is initially bound to the DNA in a tight, but non-productive complex and which must undergo a slow rate-limiting isomerization to form a productive unwinding complex, without requiring dissociation of the UvrD from the DNA. However, as seen in Figure 4 (b), this slow phase is well separated from the lag phase, since all of the time-courses are superimposable within the one second time-range, independent of whether any dT(pT) 15 trap was added. Therefore, one can still obtain accurate information on the lag phase, even in the absence of a ssDNA trap. All time-courses in this study were analyzed using Scheme 1 and equation (1), which includes the contribution to unwinding from productive UvrD complexes as well as the initially non-productive complexes that must ®rst isomerize with rate constant k NP , before they can unwind DNA.
We have also used a ss-dsDNA hairpin (3 H T 40 -10 bp hairpin) as a trap for free UvrD and observed that this is a much more effective trap at 2 mM than is (dT) 16 at 5 mM, especially for experiments performed at higher [DNA] and [UvrD] (see below). However, control experiments comparing the use of 5 mM (dT) 16 versus 2 mM 3 H T 40 -10 bp hairpin as traps for UvrD showed identical time-courses for the unwinding of 1 nM DNA substrate II by 150 nM UvrD (data not shown). 
Effects of the length of the 3
H -ssDNA flanking region on the kinetics of DNA unwinding As shown previously (Matson, 1986; Runyon & Lohman, 1989) and in Figure 1 , UvrD shows a strong preference for unwinding duplex DNA possessing a 3 H -ssDNA¯anking tail, whereas a 5 H -ssDNA tail neither supports unwinding nor enhances unwinding in the presence of a noncomplementary 3 H -ssDNA tail. To examine the requirement for a 3 H -ssDNA tail further, we performed single turnover DNA unwinding experiments with a series of DNA substrates containing the same 18 bp duplex, but with 3 Hss(dT) N tail lengths varying from N 4 to 80 nt (substrates II and V-XIV shown in Table 1 ). Two sets of quenched-¯ow experiments were performed by pre-incubating DNA (1 nM) with UvrD (buffer U, 25.0 C) at either 5 nM or 150 nM UvrD (total monomer), corresponding to concentrations of UvrD that are sub-saturating and saturating, respectively, for binding to DNA substrate II (see below). An excess of dT(pT) 15 (5 mM) was included with the 1.5 mM ATP in order to prevent re-initiation by any free UvrD. The 3 H -ssDNA tails were composed entirely of oligodeoxythymidylates ((dT) N ) in order to eliminate any intramolecular base-pairing within the tails and, more importantly, any differences in intramolecular base-pairing as a function of tail length.
We ®rst discuss the results obtained with 150 nM UvrD, a concentration that is in excess of that needed to saturate the 3 H -(dT) 40 singlestranded tail 18 bp duplex (substrate II). The data in Figure 5 (a) and (c) show that the amplitude of the unwinding time-course increases dramatically with increasing 3 H tail length. Essentially no unwinding is observed with 3 H -ssDNA tail lengths with N 4 12 nt and signi®cant unwinding becomes detectable only for DNA substrates with N 5 16. The greatest increase in unwinding amplitude occurs for tail lengths up to N 40, whereas for N 60 and 80, the additional increases in amplitude are smaller. This suggests that the optimum 3 H -ssDNA tail length for UvrD-catalyzed DNA unwinding is approximately 40 nt. As shown in Figure 5 (a) and (b), all time-courses for the DNA substrates with N 5 16 show de®nite lag phases and are well described by equation (1) with n 4 and the same value of k obs 13(AE1.9) s
À1
. Therefore, although the fraction of productive UvrD-DNA complexes formed increases with increasing 3 H -ssDNA tail length N, the observed rate constant for each step of the unwinding reaction is constant, at least for N 5 16. This suggests that the form of UvrD that is active in these experiments is the same for all DNA substrates with N 5 16.
The 3 H -ssDNA tail length dependence of unwinding for experiments performed at 5 nM UvrD, which is subsaturating for the N 40 tailed 18 bp DNA (substrate II), are shown in Figure 6 . At this lower UvrD concentration, no unwinding was detected for substrates with 3 H -ssDNA tails of length N 4 12 nucleotides. A small amount of unwinding was observed for N 16 (A 1 0.068(AE0.009)) (Figure 6 (a) and (c)), followed by a slight increase for N 20 (A 1 0.12(AE0.01)). However, the steepest increase in the amplitude of the lag phase occurs from N 16 to N 36 to 40 (A 1 0.32(AE0.06) for N 40). The unwinding amplitude then decreases for tail lengths of N 60 and N 80. Although detectable unwinding was observed for the N 16 substrate, we cannot determine whether the time-course for this substrate shows a lag phase, since the amplitude is so low. However, lag phases are well de®ned for all substrates with tail lengths N 5 20 nt, and these are Oligomerization of UvrD is Required for Optimal Helicase Activity all well described by equation (1) with n 4 and the same value of k obs 14.2(AE3.1) s
, with no obvious trend as a function of 3 H -ssDNA tail length (Figure 6(b) ).
In summary, the results from both sets of 3 HssDNA tail length studies indicate an optimum 3 HssDNA tail length of $40 nt for UvrD-catalyzed DNA unwinding, whereas DNA molecules with tail lengths N 4 12 nt are not unwound signi®-cantly, even at high UvrD concentrations (150 nM). Even substrates with 3 H tails of N 16 nt are not unwound ef®ciently.
Effects of UvrD concentration indicate that UvrD oligomerization is required for optimal helicase activity Figure 7 shows the results of a series of quenched-¯ow experiments with DNA substrate II in which the UvrD concentration was varied from 0.5 to 150 nM (total UvrD monomer), while the [DNA] was maintained at 1 nM (®nal concentration). In each experiment, UvrD was pre-incubated with the DNA and unwinding was initiated by mixing with ATP (1.5 mM) and dT(pT) 15 (5 mM) at 25.0 C in buffer U. All timecourses at [UvrD] 5 3 nM showed a de®nite lag phase, independent of [UvrD], and the amplitude of the lag phase increased with increasing [UvrD] . Each time-course was well described by equation (1), with n 4 and the same value of k obs 19.5(AE1.5) s À1 (Figure 7(c) ). The fact that k obs is independent of the UvrD concentration indicates that these are single turnover conditions with respect to the DNA substrate and that the UvrD species bound in a productive complex to the DNA substrate is the same at each UvrD concentration. Furthermore, the rate constant of the slow phase k NP is independent of [UvrD] from 3 nM to 150 nM (data not shown), consistent with our conclusion that the second slow phase is due to non-productively bound complexes which have to isomerize to productive complexes prior to unwinding. We also performed a global analysis of the complete set of unwinding data shown in Figure 7 by constraining the ratio of the amplitudes, A 1 /A TOT , to be constant for each [UvrD] . This analysis yielded k obs 19.5(AE1.5) s À1 , k NP 0.75(AE0.55) s À1 , x 0.72(AE0.16), where x is the fraction of bound complexes that are productive.
Figure 7(d) shows a plot of the amplitude of the lag phase, A 1 , as well as the total amplitude, A TOT A 1 A 2 , as a function of the [UvrD] (total monomer concentration in the pre-incubated reaction (before mixing)) (logarithmic scale). We have plotted the amplitudes versus the pre-incubated [UvrD], since the concentration before mixing is what determines how much DNA is bound. These data indicate that the fraction of productive UvrD-DNA complexes increases with [UvrD] . Since these experiments were performed in the presence of an excess of a ssDNA trap (5 mM dT(pT) 15 ), A TOT re¯ects all of the UvrD that is bound tightly to the DNA before addition of ATP. A rigorous quantitative analysis of these data is not possible at this point for the following reasons. First, the free UvrD protein exists in equilibrium among several oligomeric states at these concentrations and conditions (J.A.A., N.K.M., R. Gregorian & T.M.L., unpublished data), and second, although UvrD oligomers have higher activity than monomers as shown below, we are not certain of whether monomers have any helicase activity. However, for illustrative purposes, but with these important caveats in mind, we have analyzed these data using a simple isotherm (equation (4)) that assumes formation of a 1:1 UvrD-DNA complex. The best ®t of this model to the lag phase amplitude data (A 1 ) yields K d 7.4(AE5.0) nM, and K d 4.9(AE3.7) nM from the ®t to the total amplitude data (A tot ), as shown by the smooth curves in Figure 7 (d). Although the ®t of this simple 1:1 model to the total amplitude data is not unreasonable within our experimental uncertainty, we note that there is a systematic deviation of the data for the two lowest [UvrD] (1 and 2 nM). We only report the total amplitude of unwinding at the two lowest UvrD concentrations, because the low extents of unwinding made it impossible to accurately resolve the amplitudes, A 1 from A 2 , at these low concentrations. However, the deviations from a 1:1 binding model occur at the lowest [UvrD] where UvrD is no longer in excess over the [DNA] and are in the direction that suggests some cooperative behavior, as would be expected if an oligomeric form of the UvrD has higher unwinding activity than does a monomer. Furthermore, unwinding data obtained at higher [DNA] (100 nM) cannot be described by the same 1:1 binding model (see below). Thus, the fact that the 1 nM DNA data appear to be describable by a 1:1 (4)) that assumes a monomer of UvrD binds to the DNA substrate and initiates unwinding. Analysis of the lag phase amplitude data using equation (4) . Since these experiments are performed at higher [DNA], we have also included an excess of a non-radioactive ssDNA that is complementary to the non-radioactive bottom strand of the DNA substrate in order to ensure that no reannealing of the fully unwound DNA product occurs in these experiments (see Table 1 ) (100 nM initial concentration) and the unwinding reaction initiated by rapidly mixing with 3 mM ATP and 4 mM cold DNA (10 bp DNA hairpin with a 3 H -(dT) 40 tail) to trap any free protein and 10 mM of an 18 nt ssDNA that is complementary to the top strand of DNA substrate. (a) The early lag phase of the unwinding time-courses (®rst second). The smooth curves are the non-linear least-squares ®ts of each time-course to Scheme 1 (equation (1) 
Materials and Methods). An excess of a 3
H T 40 -10 bp hairpin (2 mM) was also included with the ATP to serve as a trap for free UvrD to prevent reinitiation of unwinding, which ensured that these are single turnover experiments. The results of these experiments with DNA substrate II are shown in Figure 8 . The time-courses show the expected lag phase, the amplitude of which increases with increasing [UvrD], whereas the rate constant for the lag phase, k obs 12.9(AE1) s À1 , is independent of [UvrD] . Although this value is slightly lower than the value of k obs 19.5(AE1.5) s Essentially no unwinding is observed up to 100 nM UvrD, corresponding to a 1:1 UvrD monomer/DNA ratio, even though UvrD is bound to the DNA at these concentrations (see below). Signi®cant unwinding only occurs when the [UvrD] is in excess over the [DNA] . Control experiments in which 784 nM UvrD was rapidly mixed with 100 nM DNA substrate II plus 4 mM 3 H T 40 -10 bp hairpin trap and 3 mM ATP showed no unwinding over 40 seconds (data not shown), indicating that the protein trap was completely effective in preventing re-initiation of unwinding by free UvrD in these experiments.
It is clear that the data in Figure 8 (d) cannot be described by a simple 1:1 binding model, indicating that the apparent agreement of the data in Figure 7 (d) to this simple model is only fortuitous. This point is emphasized in Figure 8 (d) which shows that a simulated curve (broken line) based on a 1:1 binding model and the apparent K d determined by ®tting the data at 2 nM DNA substrate (Figure 7(d) ) to a 1:1 binding model does not provide a good description of the data obtained at the higher DNA substrate concentrations. These results indicate unambiguously that optimal helicase activity requires UvrD oligomerization, although further studies are needed to determine the oligomerization state that is required for optimal helicase activity. Although these data also indicate that UvrD monomers have very little (if any) activity on these DNA substrates, we cannot yet put a lower limit on the activity of UvrD monomers.
Nitrocellulose filter binding studies of UvrD to the DNA substrates
To determine if the low extent of unwinding observed for the DNA substrates with shorter 3 HssDNA tails is due to a weak af®nity of UvrD for these DNA molecules, we performed nitrocellulose ®lter binding experiments using a``double ®lter'' modi®cation of the nitrocellulose ®lter binding assay as described by . These experiments were performed under the same conditions used in our unwinding experiments (buffer U, 25.0 C), but without ATP and at low DNA concentrations (1 nM) by titrating with UvrD. Figure 9 ), and both UvrD monomers and dimers can bind DNA, but only DNA bound to dimers is retained on the nitrocellulose ®lters. The non-linear least-squares ®t of this data yields
Oligomerization of UvrD is Required for Optimal Helicase Activity strate II), as well as a fully base-paired 18 bp duplex (substrate I). UvrD shows the highest relative af®nity for substrate II (N 40 nucleotides), with the midpoint of the titration occurring at 2.7 nM UvrD (total monomer), followed by substrate IX (N 20 nucleotides) with a midpoint of 47 nM. The binding isotherms for the three DNA molecules with 3 H tail lengths of N 4, 8 and 12 nt were indistinguishable, although saturation could not be attained. Binding of UvrD to the bluntended DNA was only apparent at UvrD concentrations above $100 nM.
These results show that the lower extents of unwinding observed for DNA molecules with 3 HssDNA tail lengths of N 4 20 nucleotides are not due to an inability of UvrD to bind to these molecules, although the relative af®nity of UvrD does increase for DNA molecules with 3 H -ssDNA tail lengths, N 5 12. For example, although $60 % of the DNA molecules with a 12 nt 3 H -tail are bound at a [UvrD] of 150 nM, only $8 % of these molecules are unwound (see Figure 5) . Similarly, whereas $60 % of the DNA molecules with a 20 nt 3 H -tail are bound at 150 nM UvrD (total monomer), only $20 % of these molecules are unwound (see Figure 5 ). In contrast, for the DNA molecules (substrate II) with a 40 nt 3 H -ssDNA tail, there appears to be a good correlation between the fraction of DNA molecules bound and the fraction of DNA molecules unwound.
In addition to the higher apparent af®nity of UvrD for the N 40 nucleotide 3 H -ssDNA (substrate II), we also note that the shape of the nitrocellulose ®lter binding titration shows clear evidence for some macroscopic``positive cooperativity''. This is most obvious in Figure 9 (b) which shows the best ®t of the data to a simple 1:1 binding model (equation 4) as a broken line curve. Clearly, a 1:1 binding isotherm does not provide a good description of the data. This type of behavior in a ®lter binding experiment can occur if the retention ef®ciency of the DNA increases with the amount of protein bound to the DNA. Therefore, these data indicate that the binding of more than one UvrD monomer is needed to retain a DNA substrate with a 40 nt 3 H -ssDNA tail on the ®lter. For illustrative purposes, the continuous curve in Figure 9 (b) shows the best ®t for a model which considers that UvrD can dimerize and that both UvrD monomers and dimers can bind to the DNA, but only DNA molecules with a dimer bound are retained on the nitrocellulose (see equations (5), (6) and (7) in Materials and Methods). Although we cannot resolve all three of the equilibrium constants (K 1 , K 2 and L) for this model on the basis of this single binding isotherm, this model does provide a better ®t to the data and is consistent with dissociation of the UvrD dimer to form monomers below concentrations of $3-5 nM (total monomer). The data in Figure 9 (b) are clearly consistent with an oligomer of UvrD binding to the DNA rather than a monomer. However, we note that although the data in Figure 9 (b) rule out a simple UvrD monomer binding to the DNA substrate, these data are not suf®cient to de®ne the size of the UvrD oligomer. Models including UvrD oligomeric states larger than a dimer also provide good ®ts to these data.
We also note that the nitrocellulose binding isotherms for UvrD binding to the DNA substrates with the shorter 3 H -ssDNA tails (N 4 20) show no apparent cooperativity. This may result from the fact that since the af®nities of UvrD for these DNA molecules are lower, higher UvrD concentrations (510 nM) are needed to detect binding. Since UvrD oligomers will be more stable at these higher UvrD concentrations, these isotherms may re¯ect direct binding of UvrD oligomers, which would remove any display of positive cooperativity.
Discussion
An understanding of the mechanism by which helicases unwind DNA requires quantitative studies of the kinetics of duplex DNA unwinding. Most studies of helicase-catalyzed DNA unwinding have used steady-state measurements which generally do not provide mechanistic information on the elementary steps in the reaction. This is because such measurements provide information only about the slowest step that limits the observed rate of the unwinding reaction. In fact, the slowest step can often be unrelated to the unwinding reaction itself, such as assembly of the initiation complex or even dissociation of the products, ADP, ssDNA or the helicase itself if it is oligomeric. Single turnover kinetic experiments performed as described here maximize the potential to obtain information on intermediates during the unwinding reaction thus enabling one to probe the mechanistic details of DNA unwinding. Towards this goal, we have examined the UvrDcatalyzed unwinding of DNA using pre-formed UvrD-DNA complexes. Importantly, we have shown that inclusion of an excess of a protein trap with the ATP used to start the reaction insures that a single turnover reaction with respect to the DNA substrate is being examined.
Single turnover kinetic time-courses for UvrD-catalyzed DNA unwinding display multiple phases
We have found conditions under which true single turnover experiments, with respect to the DNA substrate, can be performed using rapid quenched-¯ow techniques by pre-incubating excess UvrD protein with a DNA substrate possessing a 3 H -ssDNA tail. Upon initiation of DNA unwinding by adding ATP, rapid unwinding of the duplex DNA occurs within the ®rst second under our standard conditions. This rapid unwinding phase shows a lag in the production of fully unwound ssDNA, suggesting that UvrD-catalyzed DNA unwinding occurs in a step-wise manner producing partially unwound DNA intermediates. Our previous studies indicate that the lag phase increases with increasing DNA duplex length and quantitative analysis of these kinetics using Scheme 1 and equation (1) shows that UvrD-catalyzed DNA unwinding occurs in discrete steps of 4-5 bp (Ali & Lohman, 1997) . The observed step rate constant, k obs , as determined from analysis of the lag phase is independent of [UvrD] indicating that in the presence of excess UvrD, the same form of the enzyme is responsible for the rapid unwinding phase at all [UvrD] . However, even when excess UvrD is pre-incubated with a 3 H -ssDNA tailed duplex, there are at least two additional phases that can be identi®ed. These latter two phases can be differentiated, since when an excess of ssDNA is added with the ATP to initiate unwinding, then the slowest phase is eliminated. Therefore, this slowest phase re¯ects unwinding of DNA by UvrD that must bind or rebind to the DNA and thus can be trapped by the inclusion of an excess of ssDNA. In fact, the unwinding of blunt-ended DNA, which is initiated by free or weakly bound UvrD, can also be eliminated by inclusion of a ssDNA trap. However, the ®rst two phases, the lag phase as well as the second, slower phase of unwinding are unaffected by the inclusion of the excess ssDNA trap.
The lag phase clearly represents unwinding by pre-formed UvrD-DNA complexes that are present as``productive'' complexes poised to unwind upon addition of ATP. The second, slower phase appears to re¯ect unwinding by UvrD that is pre-bound iǹ`n on-productive'' complexes that must undergo a slow isomerization, with a macroscopic rate constant, k NP 0.4(AE0.1) s
À1
, to form productive complexes before they can initiate unwinding. Since the ratio of non-productive to productive complexes appears to be constant and independent of [UvrD], as indicated by the constant ratio of the amplitudes, A 1 /A 2 (see Figure 7 (d)), this suggests that the two forms are not in rapid equilibrium, otherwise a single unwinding phase would be observed. This latter result also suggests that the slower phase does not re¯ect unwinding by UvrD monomers, otherwise the ratio A 1 /A 2 would increase with increasing [UvrD] . The non-productive complexes could be UvrD bound at the ssdsDNA junction, but in an alternate mode, or they could re¯ect UvrD that is bound only to the ssDNA tail and thus must ®rst locate the ssdsDNA junction before unwinding can be initiated, although this latter possibility is not likely (see below). In either case, these non-productive complexes do not contribute to the lag phase due to the slow rate constant for isomerization, k NP .
As discussed previously (Ali & Lohman, 1997) , even though the assay used to detect DNA unwinding is an all-or-none assay, the single turnover time-courses can be analyzed to obtain kinetic information on the formation and dissipation of intermediate DNA species during the course of unwinding. If the length of the duplex DNA is greater than the unwinding step size, then multiple catalytic cycles will be required for the helicase to fully unwind the DNA and thus partially unwound DNA intermediates will be formed along the pathway to formation of ssDNA. In fact, the presence of a lag phase in the kinetics of formation of ssDNA product provides strong evidence for the presence of these intermediates. The fact that the time over which the lag phase occurs increases with increasing duplex length supports this interpretation (Ali & Lohman, 1997) . From analysis of these single turnover unwinding time courses as a function of DNA duplex length, L, we have estimated the unwinding step size to be $4-5 bp for UvrD-catalyzed DNA unwinding (Ali & Lohman, 1997) .
Our studies of the effect of [UvrD], order of mixing, etc. demonstrate that the lag phase is not due to a linkage of unwinding to assembly of the functional helicase (except possibly at [UvrD] 4 3 nM) or some other collection of processes with rate constants with fortuitously similar values. In fact, the lag phase persists even when the [ATP] is lowered to a concentration such that ATP binding is expected to become rate limiting (J.A.A., unpublished results), providing further evidence that the lag phase results from the formation of partially unwound DNA intermediates. Furthermore, the number of intermediate steps needed to describe each time-course, and thus the step size, remains independent of [ATP] . This supports the conclusion that the step size of 4-5 bp (Ali & Lohman, 1997 ) re¯ects a mechanistic constraint of the UvrD helicase.
UvrD oligomers are required for optimal helicase activity
Our unwinding experiments performed at high DNA concentrations (Figure 8 ) clearly indicate that an oligomeric form of UvrD protein is required for optimal helicase activity, although additional experiments will be needed to determine whether this form is a dimer or a higher-order oligomer. Although we cannot rule out a small amount of helicase activity for UvrD monomers, any such activity would have to be at least tenfold lower than the helicase activity of the oligomeric form observed in our experiments.
In contrast to this conclusion, Mechanic et al. (1999) recently reported studies of a truncated form of UvrD, UvrDÁ40, that is missing 40 amino acid residues from the C terminus. Using analytical sedimentation equilibrium techniques, they concluded that at high NaCl and glycerol concentrations (pH 8.3, 25 C, 200 mM NaCl, 20 % (v/v) glycerol) UvrDÁ40 remained monomeric at the centrifugation speeds examined even at concentrations of 5 mM. Although this truncated form of UvrD retained both ATPase and helicase activity, these activities were measured under very different solution conditions (pH 7.5, 37 C, 3 mM MgCl 2 , 20 mM NaCl). Based on these observations, Mechanic et al. (1999) concluded that the monomer of UvrD is active as a helicase. A potential problem with this interpretation is that the helicase experiments by Mechanic et al. (1999) were performed at much lower NaCl concentrations (20 mM) and in the absence of glycerol, conditions that are known to favor formation of dimers for both UvrD (Runyon et al., 1993; J.A.A., N 
unpublished results) as well as Rep (J. Hsieh and T.M.L., unpublished results). Therefore, although UvrDÁ40 monomers are favored at high NaCl concentrations (200 mM) and 20 % glycerol, the likely possibility exists that the unwinding activity observed at low NaCl concentration (20 mM) and no glycerol is due to UvrDÁ40 oligomer formation that is promoted under these different solution conditions. the Bacillus stearothermophilus PcrA protein bound to a short ss-dsDNA junction (ten base-pair duplex with a seven nucleotide 3 H -ssDNA¯anking region). PcrA is also an SF1 DNA helicase with extensive sequence and structural similarities to both E. coli Rep and UvrD (Subramanya et al.,1996; Korolev et al.,1997 ). The seven nucleotide 3 H -ssDNA tail of the DNA occupies essentially the same position as does the ssDNA in the E. coli Rep-dT(pT) 15 structure (Korolev et al.,1997) , whereas the ten base-pair duplex is positioned near the 2B subdomain (in its`c losed'' form). Based on this structure, Velankar et al. (1999) suggested that a PcrA monomer interacts with only ten nucleotides of the 3 H -ssDNA tail and have proposed a monomeric inch-worm model, similar to that proposed by Yarranton & Gefter (1979) . In this model (Velankar et al., 1999) , the two required DNA binding sites are postulated to be associated with the 1A and 2A subdomains within a PcrA monomer, with the 2B subdomain interacting transiently with the duplex DNA. However, such a model is not consistent with the DNA substrate requirements that we report here for UvrD-catalyzed DNA unwinding. Nor is it consistent with our results showing that a UvrD oligomer is needed for optimal helicase activity.
If a UvrD monomer interacts with the ss-dsDNA junction in the same manner as inferred by Velankar et al. (1999) based on the PcrA-DNA junction structure and if a UvrD monomer were active when bound to a ss-dsDNA junction, then DNA duplexes with 3 H -ssDNA tail lengths of N 8, 12 and 16 nt should be unwound ef®ciently, whereas this is not the case either for UvrD (see Figure 5) , or for Rep (J. Hsieh, unpublished results). In fact, our results show that interactions of the UvrD helicase with only the ss-dsDNA junction are not suf®cient to form a productive complex. Although UvrD can bind to DNA duplexes possessing 3 H -ssDNA tails with N < 16, these are not unwound ef®ciently in a single turnover experiment due to an inability to form some subset of important contacts. If PcrA behaves like UvrD, then the PcrA-DNA complex observed in the X-ray structure reported by Velankar et al. (1999) may not represent a functional complex, although it may offer indications of how a subunit of the active helicase may interact with a ss-dsDNA junction. However, contacts only at the ss-dsDNA junction are not suf®cient to form a productive complex, at least for E. coli UvrD, and the longer 3 H -ssDNA tail may be needed to occupy a second site on the oligomeric helicase that is far removed from the ss-dsDNA junction. The binding of this distal region of the ssDNA tail may function either to stabilize the UvrD oligomer or it may be involved in a more complex allosteric communication between subunits within the UvrD oligomer.
Possible role of UvrD oligomerization in DNA unwinding
A major feature of most mechanistic models for how DNA helicases might function is that the active helicase possesses at least two DNA binding sites (for reviews, see Lohman, 1992 Lohman, , 1993 . This is true of monomeric inchworm models (Yarranton & Gefter, 1979; Hill & Tsuchiya, 1981) as well as subunit switching models based on oligomeric helicases, either dimers such as E. coli Rep Bjornson et al.,1996b) or hexameric helicases, such as E. coli Rho (Geiselmann et al.,1993) or phage T7 gene 4 (Hingorani et al.,1997) . Although there is nothing to preclude a single polypeptide or monomeric helicase from possessing multiple DNA binding sites, the solution to this problem in many cases seems to involve an oligomeric enzyme with each subunit possessing a DNA binding site . Although there have been recent proposals that monomers of the hepatitis C NS3 helicase (Kim et al.,1998) , B. stearothermophilus PcrA (Velankar et al.,1999) and the E. coli UvrD proteins (Mechanic et al.,1999) have helicase activity, this has not been demonstrated rigorously for any of these. In fact, the experiments reported here indicate that an oligomeric form of UvrD is needed for optimal helicase activity. In addition, the oligomeric form of UvrD must contact, at least transiently, both the ss-dsDNA junction as well as a region of ssDNA distal from the junction, i.e. the helicase must have at least two sites for DNA binding. Beyond this, we can not say much about how the UvrD helicase unwindsDNA or translocates.
However, previous studies of the E. coli Rep helicase (Chao & Lohman, 1991; Bjornson et al., 1994 Bjornson et al., , 1996a Hsieh et al.,1999) , which shares $40 % sequence similarity to E. coli UvrD, offer suggestions for how a UvrD oligomer may function in unwinding and/or translocation. Those studies have shown the functional importance of Rep dimerization and have implicated involvement of the dimer in its helicase activity. Further experiments also suggest that a subunit switching mechanism is involved, at least in translocation Bjornson et al., 1996b Bjornson et al., , 1998 . As proposed for the Rep helicase, at some stage during the unwinding cycle one of the Rep subunits will be bound to the duplex DNA (or the ss-dsDNA junction), while the other subunit is bound to the 3 H -ssDNA tail to form a so-called P 2 SD intermediate . In subsequent steps, whether an inch-worm or a rolling mechanism is used (see below), the two subunits (or DNA sites) alternate in their binding to DNA. In a rolling mechanism , the two subunits would alternate binding to the ss-dsDNA junction versus the 3 H -ssDNA tail such that each subunit would alternate as the leading subunit, whereas in an inch-worm model, the same subunit would transiently bind to the ssdsDNA junction and remain as the lead subunit in each cycle. Although different in detail, these models both employ a``subunit switching'' mechanism in which both subunits transiently bind and release DNA. Since UvrD oligomerization is also required for optimal helicase activity, some type of subunit switching mechanism may also be important for UvrD translocation and unwinding.
Based on the allosteric effects of nucleotides on the equilibrium distribution of ssDNA and dsDNA ligation states of the Rep dimer, proposed an active rolling mechanism for DNA unwinding by the Rep dimer in which each subunit alternates binding to double-stranded DNA (or the ss-dsDNA junction), while the other subunit binds to the 3 H -ssDNA tail. The proposal for a rolling mechanism was based partly on the fact that Rep is a homo-dimer, although certainly an asymmetry can be induced in the dimer by either the asymmetry of the ss-dsDNA junction or the nucleotide ligation state. However, our experimental observations for Rep are also consistent with a dimeric inch-worm mechanism in which the same subunit always binds to the duplex or ssdsDNA junction. Otherwise, the main features of both models are the same. Based on the RepdT(pT) 15 crystal structure (Korolev et al., 1997) , a Rep monomer appears to occlude approximately ten nucleotides when bound to ssDNA. The apparent site size of UvrD bound to poly(dT) is also ten nucleotides (Runyon et al., 1993) . However, our measurement of an unwinding step size of four to ®ve base-pairs for the UvrD helicase (Ali & Lohman, 1997) seems dif®cult to reconcile with a rolling mechanism, unless the translocation step size is larger than the unwinding step size, which is certainly possible. Our current mechanistic studies cannot differentiate between a dimeric inch-worm model and a dimeric rolling model and experimental tests of these models need to be pursued.
Although our results clearly show that UvrD oligomers are required for optimal unwinding activity in vitro, the possibility exists that monomers may possess some limited unwinding activity, with rates and processivities much lower than those observed for oligomers. Since each monomer contains sites for DNA and ATP binding, the basic unwinding activity may reside within a monomer of an SF1 type helicase, such as Rep, UvrD or PcrA. However, an oligomeric form is likely needed for ef®cient translocation of the helicase . It remains to be determined whether monomers of an SF1 helicase have any unwinding activity.
Materials and Methods
Buffers
Buffers were made with reagent grade chemicals using distilled water that was deionized using a Milli-Q system (Millipore Corp., Bedford, MA). Storage buffer is 20 mM Tris (pH 8.3), 200 mM NaCl, 1 mM Na 3 EDTA, 0.5 mM EGTA, 25 mM 2-mercaptoethanol, 50 % (v/v) glycerol. Buffer U is 25 mM Tris-HCl (pH 7.5), 6 mM NaCl, 2.5 mM MgCl 2 , 5 mM 2-mercaptoethanol, 10 % (v/v) glycerol, 0.1 mg/ml bovine serum albumin (BSA). Buffer A is 25 mM Tris-HCl (pH 7.5) at 25 C, 6 mM NaCl, 5 mM 2-mercaptoethanol, 10 % (v/v) glycerol.
UvrD protein and DNA substrates
UvrD protein was puri®ed to >99 % homogeneity and the protein concentration determined spectrophotometrically as described (Runyon et al.,1993) . The UvrD protein was stored (long term) at À80 C in storage buffer at concentrations of $10-15 mM (total monomer). Aliquots of UvrD stocks (250-500 ml) were thawed on ice and then stored for short times at À20 C to prevent re-freezing of the protein. Any further dilutions of UvrD protein were made into storage buffer on ice for use in experiments performed on that same day, and then discarded, since we have observed loss of DNA unwinding activity for diluted samples that were stored at À20
C. The DNA substrates used in this study are depicted schematically in Table 1 . The duplex regions of the DNA substrates used in this study were 18 and 24 bp in length as indicated. The ssDNA regions, either 3 H or 5 H tails, are composed entirely of oligodeoxythymidylates to avoid intramolecular base-pairing within the single-standed tail. The length of the single-stranded tail region is indicated in the main text. The sequences of the top strands of the various duplex lengths used in this study are: 18 bp duplex, 5 H -GCCTCGCTGCCGTCGCCA-3 H ; and 24 bp duplex, 5 H -GCCCTGCTGCCGACCAACGAAGGT-3 H . The protein``trap'' used in the experiments performed at higher protein concentrations is a ten base-pair hairpin with a 3 H -(dT) 40 nucleotide single-stranded region, referred to as 3 H T 40 -10 bp hairpin (5 H -GCCTCGCTGC-T 5 -GCAGCGAGGC-T 40 ). Oligodeoxynucleotides were synthesized using an ABI model 391 (Applied Biosystems, Foster City, CA), and puri®ed as described . Concentrations of single-stranded oligodeoxynucleotides were determined spectrophotometrically based on extinction coef®cients determined using the nearest-neighbor analysis (Cantor et al., 1970) . Oligodeoxynucleotides were radiolabeled with 32 P at the 5 H end by T4 polynucleotide kinase (U.S. Biochemical Corp, Cleveland, OH) and puri®ed as described . A 0.1 mM stock solution of double-stranded DNA was prepared by mixing equal concentrations of labeled DNA with its complementary oligodeoxynucleotide in annealing buffer (50 mM NaCl, 10 mM Tris (pH 7.5) at 25 C and 1 mM MgCl 2 ) followed by heating for three minutes at 90 C and slowly cooling to room temperature.
Rapid chemical quenched-flow kinetics at low DNA concentrations
Rapid chemical quench experiments were carried out using a three pulsed quenched¯ow apparatus (KinTek RQF-3). All reactions were performed at 25 C in buffer U (obtained after mixing as described below). UvrD at twice the ®nal concentration was pre-mixed with the DNA substrate (2 nM) in buffer A plus 2 mM MgCl 2 and 0.2 mg/ml BSA and incubated on ice for 20 minutes and then loaded in one loop (45 ml) of the quenched-¯ow machine. The other loop (45 ml) contained ATP (twice the ®nal concentration) in buffer A plus 3 mM MgCl 2 plus a protein trap (either (dT) 16 , or 3 H T 40 -10 bp hairpin; see the text for concentrations). These solutions were pre-incubated in the loops for three minutes at 25 C. Reactions were initiated by rapidly mixing the two solutions to yield buffer U, and then quenched by the addition of 400 mM Na 3 EDTA in 10 % (v/v) glycerol after time intervals ranging from 2 ms to 100 seconds following mixing. The fraction of ssDNA in the sample at time t 0 was determined by mixing the UvrD-DNA solution with buffer A plus 3 mM MgCl 2 (without ATP). The quenched samples were analyzed by non-denaturing polyacrylamide gel electrophoresis (20 % PAGE) to separate the duplex from the ssDNA. The use of Na 3 EDTA as the quench also resulted in the dissociation of the UvrD from the DNA, so that the DNA was de-proteinated during electrophoreses. This was probably due to the high [Na ] contributed by the EDTA. Additional experiments that included treatment of the quenched samples with chloroform/isoamylalcohol (24:1, v/v) veri®ed this. The radioactivity in each band was quanti®ed by using a Phosphorimager (Molecular Dynamics, Sunnyvale, CA) and the fraction of DNA duplexes unwound at t, F(t) was calculated from the following equation as described Ali & Lohman, 1997 ), where C s (t) and C D (t) are the radioactive counts within each band corresponding to single-stranded and duplex DNA, respectively at time t. C S,0 and C D,0 are the corresponding quantities at t 0:
The low concentration of DNA substrate (1 nM) was used in the unwinding experiments to prevent reannealing of the unwound DNA during the time-course of the reaction. We found it necessary to include BSA (100 mg/ml ®nal concentration) in buffer U in order to obtain reproducible DNA unwinding results. Increasing the BSA concentration to 0.5 mg/ml showed no further improvement; however, BSA concentrations as low as 10 mg/ml were not suf®cient.
Rapid chemical quenched-flow kinetics at high DNA concentrations
Single turnover UvrD-catalyzed DNA unwinding experiments were also performed at high DNA substrate concentrations (50 nM ®nal concentration after mixing) using DNA substrate II. All reactions were performed at 25 C in buffer U (obtained after mixing as described above). The details of these experiments differed slightly from those performed at low DNA concentrations (described above) as follows. In order to prevent reannealing of the unwound 32 P-labeled top strand of the DNA (substrate II), a large excess of an 18 nt ssDNA that is complementary to the top strand of DNA substrate II (®nal concentration of 5 mM after mixing) was added with the ATP. We also observed that 5 mM d(T) 16 was not an adequate trap to prevent re-initiation of unwinding by free UvrD at the higher UvrD concentrations used in these experiments. We therefore used as a trap a DNA that was designed to mimic a DNA substrate. This was a ten base-pair DNA hairpin with a 3 H -(dT) 40 single-stranded tail (3 H T 40 -10 bp hairpin). This trap was included with the ATP solution at a concentration of 4 mM (2 mM after mixing with the preincubated UvrD-32 P-DNA substrate).
Analysis of UvrD-catalyzed DNA unwinding kinetic time courses containing a lag phase As in our previous studies of the single turnover kinetic studies of UvrD-catalyzed DNA unwinding (Ali & Lohman, 1997) , we analyzed the UvrD-catalyzed unwinding of duplex DNA of length, L, using the``nstep sequential mechanism'' depicted in Scheme 1. This Scheme assumes that UvrD (U) binds to the DNA substrate in two forms, a productive form, (U-DNA) L , and a non-productive form, (U-DNA) NP . The productive form is poised to unwind the duplex DNA rapidly upon addition of ATP. The kinetic time-course for formation of fully unwound single-stranded DNA occurs with a lag phase. Such a lag phase is predicted by Scheme 1 due to the fact that the UvrD helicase unwinds the duplex DNA in a series of``steps'', with the step size, m, de®ned as the number of base-pairs unwound per step. Thus unwinding proceeds through a series of partially unwound DNA intermediates, I (LÀim) , where L is the original length of the duplex region and thus (L À im) is the number of base-pairs remaining in the intermediate I (LÀim) . In fact, Scheme 1 states that the helicase proceeds through a series of n steps, with the rate of each step being limited by a step with rate constant, k u . Therefore, the measured step size is the number of basepairs unwound between two successive rate-limiting steps. At each step in the unwinding cycle, the UvrD-DNA complex can dissociate with rate constant, k d , which is assumed to be the same at each step. In Scheme 1, the rate constants for each unwinding step, k u , are assumed to be equal and the rate constants for dissociation of the UvrD helicase, k d , are assumed to be the same at each step in the cycle. Our previous studies have determined the step size to be $ 4-5 bp for the UvrD helicase (Ali & Lohman, 1997) .
In Scheme 1, the non-productive complexes, (U-DNA) NP , must undergo a slow isomerization, with macroscopic rate constant, k NP , to form productive complexes before unwinding by these complexes can proceed. These non-productive complexes results in a second, slow phase of unwinding that is limited by the rate of isomerization, k NP . Furthermore, the productive and non-productive complexes cannot equilibrate rapidly, on the time-scale of unwinding, since otherwise only a single unwinding phase would be observed. Ali & Lohman (1997) presented a closed form expression (equation (1)) for the time-dependent formation of fully unwound ssDNA, upon addition of ATP to pre-formed UvrD-DNA complexes, based on the n step sequential mechanism in Scheme 1 (for k obs 4k NP ): Scheme 1. In equation (1), A 1 is the amplitude of the lag phase, k obs (k u k d ), and A 2 and k NP are the amplitude and rate constant of the second slower exponential phase and n is the number of steps required to unwind the duplex DNA. The ®rst term in equation (1) represents the timecourse of DNA unwinding for the productive complexes, which occurs with a lag phase, whereas the second exponential phase re¯ects the slower rate of unwinding by the non-productive complexes. Therefore, the unwinding time-course is a superposition of a rapid lag phase and a slower exponential phase. The n step sequential mechanism in Scheme 1 also predicts that an increase in the duplex length, L, results in an increase in the lag phase, as observed experimentally (Ali & Lohman, 1997) . Furthermore, an increase in the duplex length also results in a decrease in the amplitude of unwinding, re¯ecting the fact that UvrD has a ®nite probability of dissociating from the DNA substrate during each cycle of unwinding. The unwinding processivity, P, can be de®ned as the relative probability of unwinding the next m bp, relative to dissociating from the DNA and can be written as in equation (2):
Oligomerization of UvrD is Required for Optimal Helicase Activity
Equation (3) gives the relationship between the amplitude of the lag phase, A 1 , the processivity and the number of steps, n L/m, required to unwind a duplex of length, L, where m is the step size:
Our previous studies of the dependence of the amplitude, A 1 , on the length of the duplex region (Ali & Lohman, 1997) , were analyzed using equation (3) to obtain an estimate of P 0.9(AE0.07) in buffer U at 25.0 C (Ali & Lohman, 1997) .
Non-linear least-squares analysis of the DNA unwinding time-courses based on equation (1) was performed using the software package``Scientist'' (MicroMath Software, Salt Lake City, UT) (Gateway P5-150 PC with a Pentium II processor). The uncertainties reported are 95 % con®dence limits. All data were plotted using the software package KaleidaGraph (Synergy Software, Reading, PA) on a Power Macintosh G3.
Nitrocellulose filter binding
Nitrocellulose ®lter binding was performed using the double ®lter method described by . Titrations were performed in buffer U at 25 C by titrating 1 nM DNA with UvrD. The ®lters were prerinsed with buffer U that was pre-equilibrated at 25 C, followed by the application of the UvrD-DNA sample. The UvrD-DNA samples were pre-equilibrated at 25 C for ten minutes prior to application to the nitrocellulose ®lters. Each sample was ®ltered, then washed with 100 ml of buffer U at 25 C. The nitrocellulose and DEAE membrane ®lters were scanned using a phosphorimager (Molecular Dynamics, Sunnyvale, CA) and the radioactive counts on each were quanti®ed using the molecular dynamics software. The data were plotted as the fraction of DNA bound to the nitrocellulose ®lter, with the total DNA applied being determined from the sum of the counts on the nitrocellulose and DEAE membranes and the data were corrected for non-speci®cally bound DNA as described .
The data in Figure 8 (a) were ®t to a simple 1:1 binding model: HssDNA tail is not well described by a simple 1:1 binding isotherm and shows clear evidence for some macroscopic positive cooperativity. Therefore, we used a model to analyze these data that considers explicitly a UvrD monomer-dimer equilibrium. In this model UvrD monomers (U) can dimerize to form dimers (U 2 ), and both monomers and dimers can bind DNA. However, we have assumed that only the UvrD dimer-DNA complexes (U 2 D) are retained by the nitrocellulose ®lters:
The binding isotherm was ®tted numerically using equations (5)- (7):
where f [U 2 D]/D T , is the fraction of DNA bound to UvrD dimers. L is the equilibrium association constant for UvrD dimerization, K 1 and K 2 are the equilibrium association constants for UvrD monomer (U) and dimer (U 2 ) binding to the DNA (D), respectively. Since we are unable to resolve all three equilibrium constants based on this single isotherm, the data were analyzed by constraining L 2 Â 10 8 M
À1
, while determining K 1 and K 2 from the non-linear least-squares ®tting of the data to equations (5)-(7).
